Introduction
The use of Al 2 O 3 :C in Optically Stimulated Luminescence (OSL) dosimetry is attractive for a number of technical reasons, mainly luminescence efficiency, [1] [2] [3] [4] stability in high humidity, chemical solvents and heat 5 and high sensitivity to ionizing radiation such as electrons, photons and heavy charged particles 6 . For high-quality Al 2 O 3 :C dosimeters, it is necessary to grow the crystalline material in a highly reducing atmosphere in the presence of carbon 7, 8 . As a result, carbon impurities are incorporated into the lattice, which act as catalysts for the formation of oxygen vacancies, both neutral and charged (F, F+ and F-centre clusters), which play an important role as luminescence centers 6, 7, 9 . OSL has become a commercially successful dosimetry method, as evidenced by the wide use of the Luxel™ and InLight dosimeters manufactured and distributed by Landauer, Inc., that converted ~90% of its Thermoluminescence (TL) and film dosimetry to an OSL technology that uses Al 2 O 3 :C phosphor 1, 10 . Luxel™ detector is constructed as a thin layer of α-Al 2 O 3 powder mixed with polyester binder and deposited on a clear polyester substrate film. The powder layer is protected by a thin, clear polyester tape. The light stimulation intensity is such that the bi-monthly readings deplete the OSL signal by only approximately 10% over one year 6 . Thus, after usage and archival storage, the Al 2 O 3 :C crystalline material in the Luxel™ dosimeters needs to be recovered and treated to be used again in new dosimeters manufacturing process. The proposed recovery process is performed in two stages of calcinations: in the first stage the Al 2 O 3 :C detector films are subjected to the direct flame calcination, eliminating gases and reducing the mass of its organic part through the decomposition of the polymer layers. In the second stage, the remaining material is loaded in an oven with controlled temperature to incinerate the polymer residues and recover only the Al 2 O 3 :C crystalline material (in a destructive process that involves a high-temperature annealing). The recovered material were characterized by Fourier Transform Infrared Spectrometry (FTIR), Thermogravimetry/Differential Thermoanalysis (TG/DTA), Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD), Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), Optically Stimulated Luminescence (OSL) and Rietveld Refinement. , which is composed of two phases: a crystalline inorganic material sensitive to radiation, and an organic polymer to support the crystalline phase. The polymer substrate layer is 0.10 mm thick and the top protective layer is 0.05 mm. The Al 2 O 3 :C crystalline powder mixed with organic polymer binder is printed on top of the polyester substrate forming a translucent layer of about 0.15mm thick. Figure 1 shows a schematic representation of the Luxel™ multilayer sensor. The Al 2 O 3 :C recovery process was performed at Sapra S/A (São Carlos/SP -Brazil). It is constituted of two stages of calcinations: in the first stage the Al 2 O 3 :C detector films are submitted to the direct flame calcination, eliminating gases and reducing the mass of its organic part. In the second stage, the material that survived the first calcination is loaded in aluminum trays that were taken to the oven under controlled temperature for further annealing.
Recovery of α-Al

Electric oven
For the second stage of calcination it was used a EDGCON 1P Model oven, with 1000°C of maximum temperature, 106 cm length and two (15 x 15) cm 2 openings at each side. Symmetrical pattern of holes with 1.0 cm in diameter and 2.5 cm apart were created in the oven steel cover plates. Steel tube (0.9 cm diameter) was inserted in the front hole, crossing the oven and reaching the corresponding symmetric hole in the back plate. A K-type thermocouple was inserted in the tube and temperature measurements were acquired each 2.0 cm using a digital multimeter. While the temperature dependence was measured using one hole, the others holes were sealed. The assessment of oven temperature was performed in all holes.
FTIR analysis
FTIR data were recorded by a Perkin-Elmer 1000 IR spectrophotometer in the range of 4000-400 cm -1 and 24 scans. Samples were prepared by grinding and mixing powdery with KB in the ratio of 1:10 and then pressing the mixtures into pellets.
TG/DTA and DSC
TG/DTA was carried out using SDT 2960 Model, with reference and sample thermocouples made of Pt -Pt/Rh 13%, with 0.1 µg sensitivity scales. The sample mass used was 9.0436 mg. The experiment was made under O 2 atmosphere (flow of 100 mL/min) at heating rate of 10ºC/min from 30 to 1200ºC. For DSC, a Netzsch 200 Model with heating rate of 10° C/min was used. The sample was heated from the ambient temperature to 300°C.
X-ray powder diffraction (XRD) and Rietveld refinement
X-ray diffraction measurements were obtained on a Rigaku RotaFlex diffractometer operating at CuKα radiation (50 kV, 100 mA) and equipped with a graphite monochromator. Data collection was recorded in the range of 2θ = o with a step of 0.02° and 5 seconds/step. Rietveld 11 reported a profile refinement structure method, which is extensively used for structural materials characterization. Rietveld method was performed for Al 2 O 3 :C and SiO 2 phases, taking as initial parameters, respectively, the data obtained by Lutterotti 12 and Ogata et al., 13 respectively. Rodríguez-Carvajal 14 proposed a program for Rietveld, profile matching and integrated intensities refinement known as Fullprof Program, which was used in this work for Rietveld structure refinement. All parameters were refined by the least-squares method, as described by Pawley 15 . Thompson et al. 16 described a pseudo-Voigt function which was used as the profile function. The parameters constituting the instrumental resolution function (U,V,W) instr. were obtained from a LaB 6 standard. The evaluation of anisotropic size effects was made as proposed by Popa 17 so the peaks broadening was modeled using the Lorentzian part of the peak with linear combinations of spherical harmonics 18 .
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
All measurements were made using a spectrometer ICP-OES VISTA configured at 40 MHz, 1.2 kW and gas plasma flux of 15 L/min.
Optically Stimulated Luminescence (OSL)
OSL measurements were made using a two Risø automated TL/OSL readers fitted with an EMI 9635QA photomultiplier tube and three U-340 transmission filters. Readers are equipped with green and blue light sources (420-550 nm), giving an illumination intensity of about 25mW/cm 2 on the sample. 
Results
Dosemeter characterization
TG/DTA and DSC
The curve of simultaneous TG/DTA of OSL sensor fragments is shown in Figure 2a . TG curve shows that the sample remains stable up to 260 °C and shows, in sequence, two decomposition stages: the first stage occurs between 260-480 °C followed by the second stage in the range of 480-590 °C. The solid residue present in the sample is stable up to 1200 °C, with no loss or gain of weight during the procedure. The residue obtained is 43% of the sample total mass. DTA curve shows an endothermic peak between 230-280 °C with a minimum at 250 °C, indicating the fusion of the polymer attached to the sensor. The oscillations observed from 320-410 °C are due to the evaporation of the polymer that begins to decompose itself as a viscous phase. From 410-600 °C are observed two exothermic peaks, indicating the burning of organic material. Above 610 °C there are no further peaks. Figure 2b shows the DSC curve obtained during heating of the sample. There is an endothermic peak around 260 °C. The enthalpy associated with material melting is -52.70 J/g, indicating that the material that protects the crystalline layer is made of polyester.
FTIR
FTIR analysis spectrum of the dosemeter polymer layer is shown in Figure 3 . Ester carbonyl groups, as reported by Skoog, 19 absorb between 1750-1715 cm -1 (peak 1). This absorption, in addition to those obtained at 1257 (peak 2) and 1098 cm -1 (peak 3) is characteristic of ester groups. This result complements the information obtained by DSC and confirms that the crystalline layer is encapsulated by a type of polyester. 
Temperature profile study of the electric oven
A schematic view of the temperature profile curves and spatial position for each tube is shown in Figures 4a and b . In Figure 5a is showed the oven temperature profiles for the horizontal holes (1, 2, 3 4 and 5) and in the Figure 5b the temperature profiles for the vertical holes (3, 6, 7, 8 and 9) . It was observed that the desired temperature (~610 °C) is reached along the 20 cm of the oven length (between 40 and 60 cm) where the crystalline material must be positioned for proper incineration.
Crystalline material recovery from dosemeters
The description of the two stages of calcination and the study of some of their parameters are described below.
First stage of calcination: organic material incineration
First stage of the recovery process was carried out in a system consisting of a support positioned above gas flame burner and a steel container (15 cm in diameter and 17 cm in height). The steel container has a cover lid with locks. Cylindrical gas exhaust tube is attached at the center of the cover lid and is connected to a blow pipe, allowing the burning of the free gases during the calcination. The mass loss of the calcined dosemeters is a result of polymer decomposition. The resulting product of this calcination stage is a black material containing some uncalcined organic material mixed with Al 2 O 3 :C. A steel container with an internal aluminum layer was used for the calcination of the Al 2 O 3 :C sensors. Table 1 shows the results of ICP-OES analysis of calcined Table 1 . Oxides Percentages found in the recovered material in the first and second stages. dosemeters after the first and second stages. No significant contamination of the recovered material was found.
Determination of the first stage calcination time
During the first calcination stage the container was loaded with 500 g of dosemeters. The optimal time of calcination was determined by analyzing the FTIR spectra after different calcination times. Calcination times of 30 min, 40 min, 50 min, 1.5 h and 2.0 h were selected. FTIR spectra of each sample are shown in Figure 6 . The best results were obtained with calcination time higher than 50 min. FTIR spectra did not exhibited the carbonyl band at 1750-1715 cm -1 after 50 min which is an indication that at this time the polymer decomposition was completed.
Second stage of calcination: removal of remaining organic material and radiation-sensitive material recovery
At this stage the black material from the first stage of calcination was loaded on aluminum trays and placed in the oven with controlled temperature profile for the elimination of the remaining organic residue. The material obtained in the first calcination stage was loaded on three aluminum trays, with dimensions of (20 x 7 x 1) cm 3 and the trays were inserted in the oven at 600°C. After 2.5 h of calcination, all the remaining organic material was eliminated. Table 1 shows the ICP-OES analysis for calcinations in different trays after the second stage.
Grain size distribution in recovered material
A good quality of printing consists of a proper grain size distribution. As reported by Markey, Colyott and Mckeever, 20 the grain size of the Al 2 O 3 :C powder is in the range of 10-90μm. As it was determined from Landauer's previous experience, excessive amounts of "fine" grains (less then 38μm) and "large" grains (>75μm) can create problems during printing. The amounts of "fine" should not exceed 32% and "large" grains 10% by weight. Distributions of grain sizes from 38 to 75 μm had been never suspected to make a difference. The recovered material grain size is inside the permissible limits of grain size distribution, as showed in Figure 7 . The amount of "fine" grains (<38μm) in the recovered material batches is consistent with older powder lots (Lotes #96 and 97) and is within the expected percentage range, as well as it is within the expected percentage corresponding to 75 μm grains.
Characterization of the recovered material by OSL
The OSL sensitivity and OSL background signal of the recovered powder in comparison with the standard Al 2 O 3 :C from Landauer Crystal Growth Division is shown in Table 2 . It was observed that the change in sensitivity of the standard and recovery Al 2 O 3 :C does not exceed the standard deviation of measurements.
Characterization of the recovered material by
XRD and Rietveld refinement
Rietveld refinement was performed taking as initial parameters the structures obtained by Lutterotti 12 and Ogata et al. 13 for, respectively, Al 2 O 3 :C and SiO 2 phases. In the dosemeter manufacturing process, Cabosil™ (fumed silica of submicron size) is added to aluminum oxide powder for better rheological properties during printing. Cabosil is added to the mixture of aluminum oxide powder and the binder. The composition of crystalline phases of the recovered material obtained by Rietveld refinement was found as (94 ± 3)% f corundum and (6 ± 3)% of silica. The refined structural parameter for corundum phase with trigonal crystal system and R -3 C space group were: a Figure 8 . It was verified that the recovered material has kept its crystal structure. 
Conclusion
This work proposes a recovery process for Al 2 O 3 :C from used Luxel TM dosimeters. Thermal analysis suggested that the Luxel TM polymer should be a type of polyester. X-ray diffraction showed that the crystalline material is predominantly α-alumina. It was estimated by FTIR spectra the best time for the first stage of calcination around 50 min. Regarding the studies of the second stage of calcinations, the shortest time was obtained when 240g of the survived material from the first stage was placed and calcined on three aluminum trays. ICP-OES technique showed contaminants percentage less than 0.001% in the recovered material. Diffractogram of the crystalline material obtained after the recovery process showed that the material kept its structural properties.
Through Rietveld refinement data processing it was possible to identify and quantify the phases present in the crystalline material, showing that it is constituted by (94 ± 3) % of α-Al 2 O 3 and (6 ± 3) % of silica. The proposed recovery process is destructive as it involves a high-temperature annealing, however, it seems interesting (from an economical pointof-view) to recycle Luxel TM dosimeters rather than growing new crystals and preparing them by grinding and sorting. Further study on the optimization of the process is foreseen.
